Comparison of the growth kinetics of In 2 O 3 and Ga 2 O 3 and their suboxide desorption during plasma-assisted molecular beam epitaxy Patrick Vogt a) and Oliver Bierwagen Beyond these conventional applications, In 2 O 3 has the potential for novel applications 1 that benefit from well defined doping, e.g., with the donor Sn or the (deep) acceptor Mg, controlling the n-type conductivity from the highly conductive 6 to the semi-insulating 7 regime. In combination with the related gallium sesquioxide, Ga 2 O 3 , with E g ¼ ð4:760:2Þ eV, 8 band gap engineering and heterostructure oxide devices are foreseeable. 9 The realization of semiconductor devices typically requires the highest crystalline quality which is commonly achieved by epitaxial growth methods. During plasma-assisted molecular beam epitaxy (MBE), fluxes of atomic In U In and plasma "activated" oxygen U O form In 2 O 3 on a heated, single crystalline substrate in an ultra-high vacuum chamber. MBEgrown In 2 O 3 has been reported on Al 2 O 3 (0001), 3, 10, 11 (10 12) 12 (11 20) , 13 and Y-stabilized ZrO 2 (001) 14 or (111), 3 for instance. Oxides are typically grown under O-rich growth conditions, i.e., by providing excess O for the reaction with In. However, the In-rich growth conditions are known to improve the structural quality of In 2 O 3 (001) 15, 16 by preventing faceting and should also help to suppress the formation of compensating acceptor point defects (oxygen interstitials or metal vacancies). 17 The growth rate C of In 2 O 3 is limited by U In under O-rich growth conditions, and thus increases linearly with it up to the stoichiometric flux U SF which consumes all available oxygen for the In 2 O 3 formation. 18 At U In > U SF , the Inrich growth regime is entered, where C decreases with increasing U In due to the oxygen-deficiency-induced formation of the volatile suboxide In 2 O, which desorbs off subsequently. 18 We have shown qualitatively the same behavior for the related oxide Ga 2 O 3 which has the same oxide and suboxide stoichiometry. 18, 19 Furthermore, our comprehensive investigation of Ga 2 O 3 growth revealed a C-plateau in the O-rich regime at high growth temperatures T G , which was also due to the suboxide desorption of Ga 2 O.
In (0001) substrates. The rough back side of the substrate was sputter-coated with titanium to improve substrate heating. During growth, T G was measured with a pyrometer. A low T G nucleation layer was used to ensure complete wetting 14 of the substrate and mimic homoepitaxy. Our custom made MBE system is equipped with a laser reflectometry set-up and line-of-sight quadrupole mass spectrometer (QMS) that allow to measure in-situ C and the desorbing In 2 O from the In 2 O 3 growth surface U However, due to the large mass of In 2 O of 246 atomic mass units, the signal-to-noise ratio was low, which prevented reliable quantification of U was determined indirectly as the difference between the provided U In and C as described below and justified by the same Me-to-O stoichiometry like Ga 2 O 3 . 19 The crystallinity of the oxide films was verified in-situ by a spotty reflection high energy electron diffraction pattern during growth and ex-situ by X-ray diffraction x-2h scans (not shown). A standard shuttered hot-lip effusion cell was used to evaporate liquid In (7 N purity). The beam equivalent pressure (BEP) which is proportional to the particle flux was measured by a nude filament ion gauge positioned at the substrate location. Following the calibration reported in Refs. 18 and 19, the relation of U In between the measured BEP, C, and the In-particle flux is U In ¼ 5:67 Â 10 À7 Torr11:0Å=s1 3:1 In-atoms nm À2 s À1 , respectively. A radio frequency plasma source with a mass flow controller supplied U O from the research-grade O 2 gas (6 N purity). The radio frequency power was maintained at 200 W for the In 2 O 3 growth. The O 2 mass flow was set to 0.5 standard cubic centimeters per minute (SCCM) resulting in
. In order to investigate the origin of the In loss during growth and being able to compare it quantitatively with the Ga loss during Ga 2 O 3 growth, we conducted the same experiments as reported in Ref. 19 .
The C-evolution of In 2 O 3 as a function of U In for different T G is depicted in Fig. 1 . In the O-rich regime and T G ¼ 700 C (open discs), the In incorporation (i.e., C) increases linearly with U In until the stoichiometric flux ratio is reached at U In ¼ U O ¼ 1:89Å=s. This ratio corresponds to r ¼ U In =U O ¼ 1. For a higher r > 1, the growth shifts into the In-rich regime and C decreases until the growth completely stops at U In ! 3U O 18 showing the same trend in C as for Ga 2 O 3 growth which is due to the same Me-to-O stoichiometry of these compounds.
In the In-rich regime at lower T G ¼ 600 C (filled discs), In forms droplets on the growth surface as observed by scanning electron microscopy (not shown), which strongly reduces C as exemplarily indicated by the black circle in Fig. 1 . Fig. 3 different U In and U O but same r (filled and crossed discs).
A qualitative explanation that In 2 O and not In desorption is responsible for the plateau of C in the O-rich regime is the following: the decreasing C with increasing r in the Inrich regime for all investigated T G > 700 C is due to the oxygen-deficiency-induced In 2 O formation and not because of In desorption. 18 For this reason, In desorption instead of In 2 O formation and its desorption at even lower r in the Orich regime (i.e., in the excess of O) is unphysical. Indium desorption, in turn, would lead to a plateau in the In-rich regime (i.e., O-limited growth regime) and not to a decrease of C as plotted in Fig. 1 . For regime (i), i.e., for 0 r < b 1, the reaction is r 2InðgÞ þ 3OðgÞ ! rIn 2 O 3 ðsÞ þ 3ð1 À rÞOðgÞ; (1) with g and s indicating the gaseous and solid phases, respectively. The plateau in regime (ii) for 0 < b r b þ k ¼ 3a À 2b is described by the reaction r 2InðgÞ þ 3OðgÞ ! bIn 2 O 3 ðsÞ þðr À bÞIn 2 OðgÞ þ ð3 À r þ 2bÞOðgÞ:
The end of the plateau r ¼ b þ k corresponds to stoichiometric growth conditions. For In-rich growth in regime (iii), b þ k < r 3a, the growth rate decreases and r 2InðgÞ þ 3OðgÞ ! bcIn 2 O 3 ðgÞ þðr À bcÞIn 2 OðgÞ þ 3ð1 À aÞOðgÞ:
The coefficient c ¼ Àðr À 3a=2bÞ decreases linearly with increasing r from unity at r ¼ b þ k ¼ 3a À 2b to zero at r ¼ 3a.
Now we discuss the quantitative differences in the C-evolutions of In 2 O 3 and Ga 2 O 3 regarding the flux range of the plateau, the metal adsorption, and suboxide desorption temperature. Figure 2 
In order to obtain the desorption rates in Å /s, these values are multiplied by U O . It can be seen that / Fig. 3 . Here, for the sake of clarity, C is normalized by its maximum value (R ¼ C=C max ) and plotted as a function of T G for both materials at different r. For In 2 O 3 , in the highly O-rich regime (filled and crossed discs) R is constant over the entire range of T G . At higher U In , for example, at r ¼ 1 (stoichiometric growth, open discs) and r ¼ 1.5 (In-rich growth, dotted discs) R decreases slightly due to In 2 O and O desorption in both regimes (as also plotted in Figs. 1 and 2 ). For Ga 2 O 3 (triangles), in contrast, the decrease of R is much stronger due to stronger Ga 2 O and O desorption as can be seen by different / i des with i ¼ Me 2 O, O/Me 2 O 3 for both materials (Fig. 2) that cause the decrease of C at the same T G .
To quantitatively evaluate / i des , we use exponential fits to the data plotted in Fig. 2 
/
with k B the Boltzmann constant. The activation energy of desorption E i a;des and frequency factor A i obtained by fitting the data plotted in Fig. 2 by Eq. (6) (Arrhenius-plot) is given in Table I . In Fig. 4 , the obtained functions for / In the In-rich regime (iii) at T G 600 C, In forms droplets, whereas no Ga droplet formation was observed under similar growth conditions for Ga 2 O 3 growth down to T G ¼ 500 C. 19 In order to understand this difference, we quantitatively compare the vapor pressures of the suboxides with the loss of C in the Me-rich regime. Exemplarily, we obtain / We would like to thank Vladimir Kaganer for critically reading the manuscript, Hans-Peter Sch€ onherr for technical MBE support, and Anne-Kathrin Bluhm for SEM imaging.
